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Summary	  of	  MSc	  Thesis	  
	   This	  thesis	  focuses	  on	  two	  main	  aspects,	  the	  first	  of	  which	  looks	  at	  non-­‐invasive	  sampling	  
techniques	  to	  estimate	  egg	  number	  on	  female	  lobsters	  and	  the	  second	  looks	  at	  a	  model	  that	  can	  predict	  
the	  relationship	  between	  female	  size	  and	  egg	  number	  from	  latitude.	  The	  non-­‐invasive	  sampling	  
techniques	  estimate	  egg	  number	  for	  the	  female	  American	  lobster	  (Homarus	  americanus)	  based	  on	  
measurements	  and	  digital	  image	  analysis.	  Non-­‐invasive	  estimates	  of	  egg	  number	  can	  now	  be	  made	  that	  
require	  the	  removal	  of	  only	  ten	  eggs	  per	  female	  instead	  of	  the	  entire	  egg	  mass.	  Applications	  of	  this	  
technique	  include	  the	  evaluation	  of	  the	  effectiveness	  of	  conservation	  measures,	  such	  as	  v-­‐notching	  or	  
the	  establishment	  of	  closed	  areas,	  aimed	  at	  increasing	  egg	  production,	  where	  differences	  in	  egg	  
production	  can	  be	  measured	  without	  the	  use	  of	  destructive	  sampling	  techniques.	  In	  order	  to	  create	  a	  
model	  able	  to	  predict	  the	  number	  of	  eggs	  on	  a	  female	  based	  on	  her	  carapace	  length	  throughout	  the	  
species’	  range,	  fecundity	  estimates	  for	  American	  lobster	  (H.	  americanus)	  from	  11	  different	  locations	  in	  
the	  Northwest	  Atlantic	  (from	  the	  Strait	  of	  Belle	  Isle,	  Newfoundland	  to	  Buzzards	  Bay,	  Massachusetts)	  
were	  obtained.	  The	  data	  were	  then	  analyzed	  for	  geographic	  variation	  and	  a	  distinct	  change	  with	  latitude	  
was	  found	  in	  the	  model	  parameter	  b.	  This	  was	  then	  used	  to	  create	  a	  model	  that	  can	  predict	  size-­‐egg	  
number	  relationships	  from	  latitude.	  This	  model	  will	  allow	  for	  future	  egg	  number	  estimates	  to	  be	  made,	  
utilizing	  size	  data	  from	  latitude	  for	  any	  population	  in	  the	  Northwest	  Atlantic.	  
	  
MSc	  Thesis	  Chapter	  2	  –	  “A	  non-­‐invasive	  sampling	  technique	  for	  estimating	  egg	  number	  in	  the	  
American	  lobster,	  Homarus	  americanus”	  
Summary	  
	   This	  study	  presents	  two	  non-­‐invasive	  sampling	  techniques	  that	  estimate	  egg	  number	  for	  female	  
American	  lobster	  based	  on	  measurements	  and	  digital	  image	  analysis.	  These	  estimates	  are	  compared	  
with	  egg	  number	  estimates	  obtained	  from	  the	  widely	  used	  traditional	  invasive	  technique	  involving	  the	  
removal,	  drying,	  and	  weighing	  of	  eggs.	  The	  results	  of	  these	  comparisons	  show	  that	  one	  non-­‐invasive	  
technique,	  which	  requires	  the	  removal	  of	  only	  ten	  eggs	  per	  female,	  is	  capable	  of	  producing	  egg	  number	  
estimates	  that	  are	  just	  as	  good	  as	  those	  obtained	  using	  the	  traditional	  invasive	  method,	  without	  having	  
to	  remove	  all	  of	  the	  eggs	  from	  a	  female.	  Recent	  increases	  in	  conservation-­‐oriented	  research	  makes	  this	  
technique	  appealing	  for	  future	  work	  on	  the	  size-­‐egg	  number	  relationships,	  which	  are	  used	  in	  stock	  
assessments	  and	  scientific	  models	  to	  aid	  in	  fisheries	  management	  for	  the	  American	  lobster	  stocks.	  
Introduction	  	  
	   The	  number	  of	  eggs	  produced	  by	  female	  lobsters	  is	  an	  important	  characteristic	  of	  lobster	  
populations	  that	  is	  often	  used	  by	  fisheries	  scientists	  to	  assess	  the	  health	  of	  the	  population.	  	  The	  number	  
of	  eggs	  a	  female	  produces	  is	  related	  to	  her	  size,	  and	  typically,	  larger	  females	  produce	  more	  eggs.	  	  
Females	  in	  different	  geographic	  locations	  may	  produce	  different	  numbers	  of	  eggs	  based	  on	  differences	  
in	  the	  environment.	  	  	  
	   There	  has	  been	  extensive	  research	  on	  the	  female	  size-­‐egg	  number	  relationships	  of	  American	  
lobster	  (H.	  americanus)	  for	  numerous	  locations	  throughout	  the	  species	  range.	  The	  earliest	  studies	  were	  
carried	  out	  by	  Herrick	  (1896)	  in	  Massachusetts,	  which	  involved	  the	  collection	  and	  removal	  of	  over	  4000	  
egg-­‐bearing	  females.	  More	  recent	  research	  has	  focused	  on	  coastal	  Newfoundland	  (Ennis,	  1981)	  and	  the	  
Canadian	  Maritimes	  (Campbell	  and	  Robinson,	  1983).	  The	  most	  recent	  study,	  carried	  out	  by	  Estrella	  and	  
Cadrin	  (1995),	  involved	  the	  collection	  and	  removal	  of	  over	  400	  egg-­‐bearing	  females	  from	  coastal	  
Massachusetts.	  The	  ability	  to	  assess	  the	  number	  of	  eggs	  a	  female	  is	  carrying	  quickly,	  accurately,	  and	  
without	  injury	  has	  proven	  difficult	  because	  current	  methodologies	  require	  physical	  removal	  and	  
preservation	  of	  all	  eggs	  from	  females.	  	  
	   Female	  lobsters	  are	  highly	  fecund,	  meaning	  they	  can	  carry	  in	  excess	  of	  80,000	  eggs	  (Botsford,	  
1991),	  which	  makes	  counting	  all	  of	  the	  eggs	  impractical.	  Thus,	  estimations	  of	  egg	  numbers	  are	  usually	  
made	  by	  counting	  the	  number	  of	  eggs	  in	  weighed	  subsamples	  and	  dividing	  the	  average	  weight	  of	  a	  
single	  egg,	  as	  determined	  from	  the	  counted	  subsamples,	  into	  the	  weight	  of	  the	  entire	  egg	  mass	  (e.g.	  
Ennis,	  1981).	  Traditionally	  this	  involves	  removing,	  preserving	  with	  chemicals,	  and	  drying	  of	  eggs,	  which	  
makes	  this	  technique	  for	  estimating	  egg	  number	  invasive	  (eggs	  are	  destroyed)	  and	  labour-­‐intensive.	  	  
	   Despite	  the	  harmful	  effects	  of	  egg	  removal,	  egg	  number	  estimates	  for	  lobster	  are	  still	  measured	  
using	  the	  traditional	  invasive	  technique	  requiring	  the	  removal	  of	  all	  the	  eggs	  from	  a	  female.	  	  This	  type	  of	  
research	  directly	  contradicts	  conservation	  practices	  of	  fishers	  who	  must	  return	  berried	  females	  
unharmed.	  	  
	   Recent	  increases	  in	  value,	  regulation,	  fishing	  effort,	  and	  conservation	  measures	  for	  lobster	  
(Estrella	  and	  Cardin,	  1995)	  prevents	  additional	  large	  scale	  sampling	  as	  carried	  out	  by	  past	  studies.	  The	  
co-­‐management	  of	  the	  species	  among	  fishers	  and	  scientists,	  limits	  the	  availability	  of	  permits	  that	  allow	  
for	  the	  removal	  of	  eggs	  from	  a	  large	  number	  of	  females,	  and	  highlights	  the	  need	  for	  a	  reliable,	  non-­‐
invasive	  technique	  to	  estimate	  egg	  numbers.	  This	  chapter	  describes	  new,	  non-­‐invasive	  techniques	  that	  
utilize	  measurements	  and	  digital	  image	  analysis	  to	  estimate	  egg	  number	  in	  lobster.	  	  Estimates	  of	  egg	  
number	  were	  made	  using	  two	  new,	  non-­‐invasive	  techniques	  and	  compared	  actual	  counts	  of	  eggs,	  using	  
the	  traditional	  technique	  of	  complete	  egg	  removal	  to	  see	  if	  the	  new	  techniques	  were	  accurate.	  
	  
Materials	  and	  methods	  	  
Lobster	  collection	  	  
	   Ten	  egg-­‐bearing	  females,	  ranging	  in	  size	  from	  69-­‐82	  mm	  carapace	  length,	  were	  collected	  using	  
commercial	  lobster	  traps	  in	  May	  2010	  from	  various	  locations	  within	  Bonne	  Bay,	  Newfoundland	  (Fig.	  1).	  	  
Estimates	  of	  egg	  number	  were	  obtained	  using	  two	  non-­‐invasive	  sampling	  techniques	  as	  well	  as	  the	  
traditional	  invasive	  technique	  of	  removing	  and	  counting	  the	  eggs.	  	  
	  
	  
Figure	  1.	  Map	  of	  Bonne	  Bay,	  Newfoundland	  depicting	  sampling	  locations	  within	  Bonne	  Bay.	  *Note:	  
black	  lines	  indicate	  location	  of	  lobster	  traps.	  	  
Non-­‐invasive	  sampling	  techniques	  	  
	   Immediately	  following	  capture,	  fecundity	  estimates	  were	  completed	  using	  the	  first	  non-­‐invasive	  
sampling	  technique,	  the	  measurement	  technique;	  the	  length	  (A1)	  and	  width	  (A2)	  of	  the	  entire	  egg	  mass	  
(Fig.	  2a),	  was	  measured	  using	  a	  calliper	  (0.1mm).	  The	  height	  at	  each	  egg	  segment	  (A3,	  A4,	  A5,	  A6,	  and	  
A7;	  Fig.	  2b)	  was	  measured	  using	  a	  narrow	  ruler/depth	  gauge	  (~1	  cm	  wide),	  which	  was	  inserted	  into	  the	  
center	  of	  the	  egg	  mass	  between	  each	  segment	  until	  it	  reached	  the	  surface	  of	  the	  abdomen	  (Fig.	  2c).	  	  
	  
	  
Figure	  2.	  	  Diagram	  depicting	  measurements	  taken	  to	  estimate	  egg	  number	  using	  non-­‐invasive	  
sampling	  technique.	  (a)	  Underside	  view	  of	  an	  egg-­‐bearing	  lobster	  tail	  showing	  length	  and	  width	  
measurements	  of	  entire	  egg	  mass.	  (b)	  Side	  view	  of	  an	  egg-­‐bearing	  lobster	  tail	  showing	  egg	  depth	  
measurements.	  (c)	  Cross-­‐section	  of	  an	  egg-­‐bearing	  lobster	  tail	  showing	  placement	  of	  ruler	  for	  
measuring	  egg	  depth.	  
	  
	   For	  later	  egg	  volume	  calculations,	  a	  minimum	  of	  10	  eggs	  were	  removed	  randomly	  from	  the	  
surface	  of	  the	  egg	  mass	  and	  preserved.	  	  Once	  in	  the	  lab,	  the	  volume	  of	  the	  entire	  egg	  mass	  was	  
calculated	  by	  altering	  the	  formula	  for	  the	  volume	  of	  a	  cylinder	  based	  on	  height	  measurements	  and	  
considering	  packing	  density	  between	  individual	  eggs.	  	  The	  volume	  for	  each	  egg	  was	  also	  calculated	  (for	  
more	  details	  on	  the	  calculations	  see	  the	  actual	  MSc	  Thesis	  and	  (or)	  Currie	  et	  al.,	  2010).	  	  
	   Additional	  egg-­‐number	  estimates	  were	  made	  using	  the	  second	  non-­‐invasive	  technique,	  the	  
image	  analysis	  technique;	  scaled	  photographs	  of	  the	  egg	  mass	  were	  taken	  using	  an	  Olympus	  Stylus	  
Tough-­‐6000	  waterproof	  camera.	  The	  height	  of	  the	  egg	  mass	  was	  measured	  at	  each	  segment	  (B1,	  B2,	  B3,	  
B4,	  and	  B5)	  using	  a	  thin	  ruler/depth	  gauge	  (Fig.	  3a).	  Once	  in	  the	  lab	  the	  length	  (B6)	  of	  the	  egg	  mass	  and	  
the	  diameter	  of	  10	  eggs	  were	  measured	  using	  the	  image	  analysis	  software	  ImageJ®	  
(http://rsb.info.nih.gov/ij/;	  Fig.	  3b).	  The	  image	  analysis	  technique	  did	  not	  require	  the	  removal	  of	  any	  
eggs.	  	  
	   The	  volume	  of	  the	  egg	  mass	  and	  the	  eggs	  were	  calculated	  using	  the	  same	  formulas	  and	  methods	  
as	  the	  measurement	  technique,	  with	  the	  exception	  that	  egg	  mass	  length	  (L)	  and	  egg	  diameters	  (D)	  were	  
measured	  by	  analyzing	  the	  photograph	  (Fig.	  3b)	  with	  the	  image	  analysis	  software.	  
	  
Figure	  3.	  	  Diagram	  depicting	  measurements	  and	  photographs	  taken	  to	  estimate	  egg	  number	  using	  
image	  analysis	  technique.	  (a)	  Side	  view	  of	  egg-­‐bearing	  lobster	  tail	  showing	  depth	  measurements.	  (b)	  
Under-­‐side	  view	  of	  an	  egg-­‐bearing	  lobster	  tail	  showing	  length	  measurement.	  
	  
Comparison	  of	  new	  techniques	  to	  traditional	  invasive	  technique	  
	   After	  estimating	  egg	  numbers	  using	  the	  non-­‐invasive	  techniques,	  all	  of	  the	  eggs	  were	  removed	  
from	  the	  females	  using	  forceps	  and	  eggs	  were	  counted	  using	  the	  commonly	  practiced	  traditional	  
method	  (e.g.	  Ennis,	  1981;	  Campbell	  and	  Robinson,	  1983;	  Attard	  and	  Hudon,	  1987,	  Estrella	  and	  Cadrin,	  
1995).	  	  	  Steps	  of	  the	  traditional	  method	  included	  preserving	  eggs	  in	  chemical	  solution,	  then	  drying,	  
separating,	  and	  weighing	  the	  eggs.	  	  Egg	  numbers	  were	  estimated	  by	  counting	  five	  weighed	  sub-­‐samples	  
(≥30	  eggs/sample)	  and	  dividing	  the	  weight	  of	  an	  average	  egg	  into	  the	  weight	  of	  the	  entire	  egg	  mass.	  
These	  counts	  were	  validated	  by	  comparing	  them	  to	  four	  counted	  samples.	  
	  
Results	  
	   The	  egg	  numbers	  obtained	  from	  the	  measurement	  technique	  and	  the	  traditional	  method	  were	  
compared	  using	  statistical	  analysis	  and	  were	  found	  to	  be	  statistically	  similar.	  	  Therefore,	  the	  non-­‐
invasive	  measurement	  technique	  was	  deemed	  highly	  reliable	  for	  estimating	  egg	  numbers.	  	  In	  contrast,	  
the	  image	  analysis	  technique	  showed	  little	  statistical	  similarity	  to	  the	  traditional	  method,	  consistently	  
over-­‐estimating	  egg	  mass	  length	  and	  underestimating	  egg	  diameter.	  
	  
Implications	  of	  non-­‐invasive	  techniques	  	  
	   In	  addition	  to	  the	  potential	  for	  reducing	  destructive	  sampling	  effort,	  the	  measurement	  
technique	  presented	  in	  this	  study	  has	  some	  desirable	  advantages.	  	  There	  have	  been	  numerous	  studies	  
completed	  on	  the	  relationship	  between	  female	  size	  and	  egg	  number	  in	  American	  lobster	  since	  the	  first	  
monograph	  on	  the	  species	  was	  published	  by	  Herrick	  (1896).	  	  A	  non-­‐exhaustive	  literature	  search	  revealed	  
that	  to	  date	  these	  studies	  have	  sampled	  over	  7,000	  lobsters,	  removing	  138	  million	  eggs,	  and	  potentially	  
removing	  1.3	  million	  lobsters	  from	  the	  population,	  assuming	  a	  1%	  survival	  rate	  (Herrick,	  1896;	  Squires,	  
1970;	  Squires	  et	  al.,	  1974;	  Ennis,	  1981;	  Campbell	  and	  Robinson,	  1983;	  Estrella	  and	  Cadrin	  1995).	  This	  
non-­‐invasive	  method	  will	  prevent	  the	  need	  for	  future	  removal	  of	  eggs	  from	  egg-­‐bearing	  females.	  	  
	   In	  Atlantic	  Canada,	  the	  Fisheries	  Resource	  Conservation	  Council	  (FRCC,	  1995;	  2007)	  has	  raised	  
concerns	  about	  the	  sustainability	  of	  the	  fishery	  for	  American	  lobster.	  	  Exploitation	  rates	  are	  high,	  up	  to	  
95%	  in	  some	  areas,	  and	  catches	  consist	  primarily	  of	  immature	  animals.	  	  This	  practice	  of	  	  “fishing	  the	  
measure”	  results	  in	  extremely	  low	  egg	  production	  and	  high	  risk	  of	  recruitment	  failure	  (FRCC,	  2007),	  and	  
the	  removal	  of	  eggs	  from	  females	  to	  create	  size-­‐fecundity	  relationships	  is	  no	  longer	  encouraged.	  
However,	  many	  lobster	  populations	  would	  benefit	  from	  the	  development	  of	  additional	  size-­‐egg	  number	  
relationships	  because	  there	  is	  known	  geographic	  variation	  (Estrella	  and	  Cadrin,	  1995)	  and	  the	  
relationships	  currently	  available	  are	  not	  applicable	  throughout	  the	  entire	  species’	  range.	  The	  non-­‐
invasive	  measurement	  technique	  presented	  here	  would	  allow	  for	  the	  continued	  study	  of	  the	  size-­‐egg	  
number	  relationships	  for	  American	  lobster,	  without	  the	  detrimental	  effects	  of	  egg	  removal,	  as	  seen	  in	  
the	  traditional	  method.	  
	  
MSc	  Thesis	  Chapter	  3	  –	  “Latitudinal	  variation	  in	  the	  relationships	  between	  female	  size	  and	  number	  of	  
eggs	  of	  American	  lobster	  in	  the	  Northwest	  Atlantic”	  	  	  
Summary	  
	   Certain	  characteristics	  of	  lobster	  populations	  are	  known	  to	  vary	  with	  changes	  in	  environmental	  
conditions	  and	  accordingly	  with	  latitude.	  A	  mathematical	  model	  to	  estimate	  these	  characteristics,	  
applicable	  throughout	  the	  species	  range,	  has	  not	  been	  developed.	  To	  create	  such	  a	  model,	  egg	  number	  
estimates	  for	  the	  American	  lobster,	  Homarus	  americanus,	  were	  obtained	  from	  11	  locations	  in	  the	  
Northwest	  Atlantic	  (from	  the	  Strait	  of	  Belle	  Isle,	  Newfoundland	  to	  Buzzards	  Bay,	  Massachusetts).	  The	  
mathematical	  model,	  F=aCLb,	  was	  used	  to	  describe	  the	  relationship	  between	  female	  carapace	  length	  CL	  
and	  fecundity	  F,	  or	  egg	  number.	  	  The	  parameters	  a	  and	  b	  change	  with	  latitude	  and	  in	  this	  study,	  I	  define	  
the	  values	  of	  a	  and	  b.	  	  This	  information	  then	  allows	  scientists	  to	  estimate	  of	  the	  number	  of	  eggs	  a	  
female	  of	  a	  certain	  size	  may	  carry	  based	  on	  latitude.	  	  Establishing	  the	  relationship	  between	  female	  size	  
and	  egg	  number	  based	  on	  latitude	  allows	  scientists	  to	  estimate	  egg	  number	  in	  locations	  without	  actually	  
sampling	  adult	  females	  and	  removing	  and	  counting	  their	  eggs.	  
	  
Introduction	  	  
	   Relationships	  between	  female	  carapace	  length	  and	  number	  of	  eggs	  carried	  on	  the	  abdomen	  for	  
the	  American	  lobster,	  H.	  americanus,	  have	  been	  documented	  from	  northern	  Newfoundland	  to	  southern	  
New	  England	  (Herrick,	  1896;	  Saila	  et	  al.,	  1969;	  Squires,	  1970;	  Perkins,	  1971;	  Squires	  et	  al.,	  1974;	  Aiken	  
and	  Waddy,	  1980;	  Ennis,	  1981;	  Campbell	  and	  Robinson,	  1983;	  Attard	  and	  Hudon,	  1987,	  Estrella	  and	  
Cadrin,	  1995).	  These	  relationships	  allow	  scientists	  to	  predict	  egg	  number	  from	  a	  known	  carapace	  length	  
and	  provide	  scientists	  information	  on	  which	  to	  base	  estimates	  of	  life	  history	  patterns	  and	  population	  
growth,	  and	  information	  on	  which	  to	  evaluate	  management	  measures	  (FRCC,	  2007;	  ASMFC,	  2009).	  	  
	   Female	  size	  and	  egg	  number	  relationships	  are	  different	  in	  different	  locations	  and	  reasons	  for	  
these	  differences	  may	  be	  due	  to	  geographic	  location	  or	  the	  way	  the	  data	  was	  collected	  and	  processed.	  	  
As	  a	  result,	  scientists	  have	  suggested	  that	  additional	  sampling	  is	  necessary	  so	  that	  methodologies	  can	  be	  
standardized	  and	  sample	  sizes	  increased	  (Estrella	  and	  Cadrin,	  1995;	  Aiken	  and	  Waddy,	  1980).	  However,	  
increased	  fishing	  effort	  and	  economic	  value	  has	  prevented	  such	  large	  scale	  sampling	  of	  egg-­‐bearing	  
females	  (Estrella	  and	  Cadrin,	  1995)	  and	  the	  co-­‐management	  of	  the	  species	  among	  fishers	  and	  
researchers,	  limits	  the	  availability	  of	  permits	  that	  allow	  for	  the	  removal	  of	  eggs	  from	  a	  large	  number	  of	  
females.	  Annual	  exploitation	  rates	  for	  American	  lobster	  are	  rarely	  below	  80%,	  with	  some	  Lobster	  Fishing	  
Areas	  (LFAs)	  exploiting	  95%	  of	  the	  populations	  (FRCC,	  2007;	  ASMFC,	  2009).	  Fisheries	  managers	  have	  the	  
difficult	  task	  of	  assessing	  lobster	  populations	  using	  only	  a	  few	  reliable	  size-­‐egg	  number	  equations	  that	  
may	  not	  be	  applicable	  throughout	  the	  entire	  species	  range.	  	  A	  more	  general	  mathematical	  model	  that	  
represents	  the	  size-­‐egg	  number	  relationship	  throughout	  the	  lobster’s	  entire	  range	  is	  needed.	  	  
	   The	  objectives	  of	  this	  research	  were:	  (1)	  to	  quantify	  geographic	  variation	  at	  three	  coastal	  
Newfoundland	  regions;	  (2)	  to	  re-­‐estimate	  past	  size-­‐egg	  number	  relationships	  using	  more	  modern	  
computer	  statistical	  software	  packages;	  and	  (3)	  develop	  a	  mathematical	  model	  to	  predict	  size-­‐egg	  
number	  parameters	  a	  and	  b	  from	  latitude	  (°N),	  which	  can	  be	  easily	  obtained	  for	  any	  location.	  
	  
Materials	  and	  Methods	  	  
Study	  area	  and	  data	  collection	  	  
	   Between	  3	  and	  19	  June,	  2009	  a	  total	  of	  38	  egg-­‐bearing	  females	  were	  sampled	  from	  commercial	  
lobster	  traps	  in	  three	  regions	  along	  the	  west	  coast	  of	  Newfoundland	  (Fig	  4):	  Barr’d	  Harbour	  (12	  
lobsters),	  Lark	  Harbour	  (11	  lobsters),	  and	  Port	  aux	  Basques	  (14	  lobsters).	  	  Lobsters	  were	  chosen	  for	  egg	  
number	  estimates	  if	  the	  carapace	  length	  was	  either	  greater	  than	  110	  mm	  or	  less	  than	  82.5	  mm.	  
Intermediate	  sized	  lobsters	  were	  not	  selected	  because	  significant	  data	  are	  available	  for	  Newfoundland	  
lobsters	  found	  within	  the	  size	  range	  82.5	  mm	  to	  110	  mm	  carapace	  length	  (Ennis,	  1981).	  In	  order	  to	  
minimize	  the	  number	  of	  eggs	  being	  removed	  from	  the	  population	  only	  lobsters	  outside	  this	  size	  range	  
were	  sampled.	  	  
	   Eggs	  were	  removed	  from	  the	  females	  only	  if	  they	  appeared	  undamaged	  from	  being	  caught	  in	  
lobster	  traps	  and	  subsequent	  handling.	  For	  every	  egg-­‐bearing	  lobster	  sampled,	  the	  following	  attributes	  
were	  measured:	  carapace	  length	  (mm),	  second	  segment	  abdomen	  width	  (mm),	  abdomen	  length	  (mm),	  
and	  the	  presence/absence	  of	  a	  v-­‐notch	  was	  noted.	  Eggs	  were	  immediately	  removed	  from	  females	  upon	  
capture	  with	  no	  holding	  period	  in	  order	  to	  minimize	  egg	  loss	  due	  to	  handling.	  Before	  releasing	  the	  
female,	  any	  eggs	  that	  could	  not	  be	  removed	  from	  the	  abdomen	  were	  counted	  to	  be	  included	  in	  the	  final	  
fecundity	  estimate.	  	  
	   Eggs	  were	  then	  preserved	  in	  a	  chemical	  solution,	  for	  a	  maximum	  of	  four	  weeks,	  until	  all	  samples	  
were	  collected.	  After	  preservation,	  eggs	  were	  rinsed	  in	  freshwater,	  and	  spread	  thinly	  over	  shallow	  glass	  
Petri	  dishes	  to	  dry	  at	  50°C	  for	  20	  hours	  (Attard	  and	  Hudon,	  1987).	  The	  dried	  eggs	  were	  rubbed	  over	  a	  
fine	  screen	  mesh	  netting	  (250μm)	  to	  remove	  any	  excessive	  connective	  tissue	  and	  weighed	  to	  the	  
nearest	  0.0001g.	  	  Egg	  number	  was	  determined	  by	  counting	  five	  weighed	  sub-­‐samples	  (greater	  than	  or	  
equal	  to	  30	  eggs/sample)	  and	  dividing	  the	  weight	  of	  an	  average	  egg	  into	  the	  weight	  of	  the	  entire	  egg	  
mass.	  These	  counts	  were	  validated	  by	  comparing	  them	  to	  four	  counted	  samples,	  and	  the	  error	  was	  very	  
low	  (ranged	  from	  0.09	  %	  to	  0.90	  %	  (=	  0.54	  %)).	  	  
	  
	  
Figure	  4.	  Map	  depicting	  the	  three	  sampling	  locations	  on	  the	  west	  coast	  of	  Newfoundland	  	  
Bias	  in	  fecundity	  estimations	  and	  data	  analysis	  
	   Mathematical	  methodologies	  and	  procedures	  that	  have	  been	  used	  in	  past	  studies	  to	  create	  size-­‐
egg	  number	  relationships	  may	  have	  biased	  estimates	  of	  egg	  number.	  	  The	  data	  were	  re-­‐evaluated	  using	  
two	  different	  methods.	  The	  bias	  associated	  with	  each	  method	  was	  recorded,	  and	  statistical	  analyses	  
were	  conducted.	  	  	  
	  General	  model	  and	  data	  analysis	  
	   Data	  analysis	  was	  conducted	  using	  the	  using	  the	  statistical	  programs	  S-­‐Plus®	  (TIBCO	  Software	  
Inc.,	  Palo	  Alto,	  California,	  2010)	  and	  R®	  (R	  Development	  Core	  Team,	  2010).	  	  A	  P-­‐value	  ≤	  0.05	  was	  
considered	  significant.	  
	   Raw	  adult	  size-­‐egg	  number	  data	  for	  five	  sites	  in	  Newfoundland	  waters	  (Ennis,	  1981),	  three	  sites	  
off	  Nova	  Scotia	  (Campbell	  and	  Robinson,	  1983)	  and	  five	  sites	  in	  Massachusetts	  waters	  (Estrella	  and	  
Cadrin,	  1995;	  Herrick,	  1896)	  were	  acquired	  from	  the	  authors	  of	  past	  studies.	  	  Following	  mathematical	  
manipulation,	  two	  different	  equations	  to	  estimate	  female	  size-­‐egg	  number	  relationships	  were	  
formulated.	  	  We	  then	  tested	  the	  ability	  of	  the	  equations	  to	  accurately	  estimate	  egg	  number	  by	  
comparing	  predicted	  values	  of	  egg	  number	  to	  observed	  values	  of	  egg	  number.	  	  The	  bias	  associated	  with	  
each	  model	  was	  recorded,	  and	  statistical	  analyses	  were	  performed.	  
	   Comparisons	  of	  egg	  number	  estimates,	  obtained	  from	  the	  published	  equation	  and	  the	  second	  
equation	  we	  developed	  to	  that	  of	  the	  observed	  egg	  number,	  were	  graphed	  for	  12	  locations	  (see	  Currie	  
MSc	  Thesis).	  	  
	  
Results	  
Newfoundland	  fecundity	  equations	  	  
	   Statistical	  analysis	  of	  size-­‐egg	  number	  relationships	  showed	  Port	  aux	  Basques	  to	  have	  a	  steeper	  
slope	  then	  Lark	  Harbour	  and	  Barr’d	  Harbour,	  which	  displayed	  similar	  slopes	  (Fig.	  5).	  Additional	  statistical	  
tests	  were	  also	  carried	  out,	  determining	  that	  the	  relationship	  between	  size	  and	  egg	  number	  in	  Port	  aux	  
Basques	  was	  significantly	  different	  from	  that	  of	  both	  Barr’d	  Harbour	  (F1,17	  =	  5.2572,	  P-­‐value	  =	  0.0349)	  
and	  Lark	  Harbour	  (F1,17	  =	  4.9178,	  P-­‐value	  =	  0.0405).	  	  However,	  the	  relationship	  in	  Barr’d	  Harbour	  and	  
Lark	  Harbour	  were	  not	  significantly	  different	  (F1,20	  =	  0.7071,	  P-­‐value	  =	  0.1453)	  and	  were	  therefore	  
combined	  to	  produce	  the	  following	  equation	  (Fig.	  6):	  
F	  =	  0.049*CL2.815	  
	  Figure	  5.	  	  Size-­‐egg	  number	  relationships	  for	  American	  lobster	  on	  the	  west	  coast	  of	  Newfoundland.	  
Barr’d	  Harbour	  (n=12):	  R2	  =	  0.98,	  standard	  error	  (S.E.)	  on	  slope	  ±	  0.1789.	  Lark	  Harbour	  (n=11):	  R2	  =	  
0.98,	  S.E.	  on	  slope	  ±	  0.1431,	  Port	  aux	  Basques	  (n=9):	  R2	  =	  0.95,	  S.E.	  on	  slope	  ±	  0.4056.	  
	  
Figure	  6.	  	  Combined	  size-­‐egg	  number	  relationships	  of	  American	  lobster	  for	  Barr’d	  Harbour	  and	  Lark	  
Harbour	  on	  the	  west	  coast	  of	  Newfoundland.	  R2	  =	  0.98,	  S.E.	  on	  slope	  ±	  0.1092.	  
	  
General	  Model	  	  
	   To	  develop	  a	  general	  model	  of	  female	  size	  and	  egg	  number	  based	  on	  latitude	  for	  the	  entire	  
species’	  range,	  data	  sets	  with	  large	  size	  ranges	  were	  needed	  to	  ensure	  estimates	  of	  parameters	  a	  and	  b	  
were	  not	  skewed.	  As	  a	  result,	  locations	  with	  similar	  latitudes	  were	  tested	  for	  similarity	  (Fig.	  7).	  Ship	  
Harbour	  (SH)	  and	  Boswarlos	  (BOS),	  and	  Ship	  Harbour	  and	  Arnolds	  Cove	  (AC)	  were	  not	  included	  in	  the	  
analysis	  because	  they	  all	  displayed	  narrow	  size	  ranges.	  The	  Northumberland	  Strait	  (NUS)	  and	  the	  Bay	  of	  
Fundy	  (BOF),	  Buzzards	  Bay	  (BB)	  and	  Outer	  Cape	  Cod	  (OCC),	  and	  Barr’d	  Harbour	  (BH)	  and	  Lark	  Harbour	  
(LH)	  all	  showed	  statistically	  similar	  relationships	  between	  size	  and	  egg	  number.	  These	  six	  data	  sets	  were	  
then	  combined	  into	  three	  and	  the	  latitudes	  averaged,	  increasing	  their	  size	  range	  for	  use	  in	  the	  analysis	  
of	  geographic	  variation.	  	  Paradise	  (PAR)	  and	  the	  Southern	  Gulf	  of	  Maine	  (SGM)	  were	  also	  included	  in	  the	  
analysis	  because	  they	  displayed	  large	  size	  ranges.	  	  Variation	  in	  size-­‐egg	  number	  relationships	  over	  time	  
were	  tested	  and	  found	  to	  be	  negligible.	  
	  
Figure	  7.	  	  Map	  depicting	  locations	  used	  to	  graph	  the	  relationship	  between	  latitude	  and	  size-­‐egg	  
number	  parameter	  b.	  
	  
Latitude	  Models	  #	  1	  and	  #	  2	  
	   Two	  different	  mathematical	  models	  were	  developed	  and	  tested	  to	  determine	  the	  relationship	  
between	  parameter	  b	  and	  Latitude.	  	  The	  relation	  between	  parameter	  b	  and	  Latitude	  used	  in	  the	  
development	  of	  both	  models	  was	  found	  to	  be	  (Fig.	  8):	  
Eq.	  1:	  b	  =	  -­‐0.0859708305*Lat	  +	  7.0202045476	  
	  
Figure	  8.	  Relationship	  between	  parameters	  b	  (power	  law	  exponent)	  and	  Latitude.	  R2	  =	  0.8845,	  S.E.	  on	  
slope	  ±	  0.0179	  1/ºN.	  
*Only	  locations	  with	  large	  size	  ranges	  were	  included.	  
	  
The	  relation	  between	  parameter	  a	  and	  b	  used	  to	  solve	  for	  parameter	  a	  in	  Latitude	  Model	  #	  1	  was:	  
Eq.	  2:	  a	  =	  -­‐0.0008	  +	  8725.1e-­‐4.3033*	  b	  
	  
The	  relation	  between	  the	  average	  fecundity	  and	  Latitude	  used	  to	  develop	  Latitude	  Model	  #	  2	  was	  (Fig.	  
9):	  	  
Eq.	  3:	  F(avg)	  =	  490.5819	  *Lat	  -­‐12221.6192	  
	  
Figure	  9.	  Relationship	  between	  the	  Average	  Fecundity	  (egg	  number)	  at	  85	  mm	  carapace	  length	  and	  
Latitude.	  R2	  =	  0.96,	  S.E.	  on	  slope	  of	  ±	  45.502	  eggs/ºN.	  





Geographic	  variation	  in	  female	  size-­‐egg	  number	  relationships	  	  
	   An	  important	  result	  of	  this	  research	  is	  the	  latitudinal	  gradient	  in	  the	  size-­‐egg	  number	  parameter	  
b	  (Fig.	  10)	  and	  the	  average	  egg	  number	  at	  a	  fixed	  size	  class	  (Fig.	  11),	  which	  shows	  conclusively,	  regional	  
differences	  exist	  in	  female	  size-­‐egg	  number	  relationships	  of	  American	  lobster.	  Furthermore,	  these	  
results	  suggest	  differences	  in	  the	  reproductive	  potential	  of	  female	  lobsters	  from	  Newfoundland	  to	  
Massachusetts.	  Temperature	  is	  the	  major	  factor	  affecting	  size	  at	  maturity,	  oocyte	  maturation,	  spawning	  
incidence,	  timing	  and	  synchronization,	  success	  of	  egg	  attachment	  and	  incubation,	  and	  time	  of	  hatching	  
(Templeman,	  1936,	  Aiken	  and	  Waddy,	  1989;	  Waddy	  and	  Aiken,	  1991),	  and	  is	  likely	  the	  cause	  for	  much	  of	  
the	  observed	  geographic	  variation	  in	  the	  size-­‐egg	  number	  relationships.	  	  
	   	  
Figure	  10.	  	  Relationship	  between	  parameters	  b	  (power	  law	  exponent)	  and	  Latitude.	  R2	  =	  0.8845,	  S.E.	  
on	  slope	  ±	  0.0179	  1/ºN.	  	  Parameter	  b	  gets	  smaller	  as	  you	  go	  farther	  north.	  
*Only	  locations	  with	  large	  size	  ranges	  were	  included.	  
	  
Figure	  11.	  Relationship	  between	  the	  Average	  Fecundity	  (egg	  number)	  at	  85	  mm	  carapace	  length	  and	  
Latitude.	  R2	  =	  0.96,	  S.E.	  on	  slope	  of	  ±	  45.502	  eggs/ºN.	  	  Average	  Fecundity,	  or	  average	  egg	  number,	  
increases	  as	  you	  go	  farther	  north.	  
*The	  average	  fecundity	  at	  85	  mm	  CL	  was	  only	  available	  for	  7	  locations.	  
	  
	  
	   The	  major	  impediments	  to	  evaluating	  geographic	  variation	  in	  size-­‐egg	  number	  relationships	  to	  
date	  has	  been	  the	  confounding	  effects	  of	  obtaining	  eggs	  with	  comparable	  developmental	  stages	  (Ennis,	  
1981),	  similar	  size	  ranges,	  and	  the	  ability	  to	  obtain	  high	  statistical	  relationships	  (Waddy	  and	  Aiken,	  
1991).	  To	  obtain	  comparisons	  with	  similar	  egg	  developmental	  stages,	  data	  were	  restricted	  to	  samples	  
obtained	  during	  the	  spring	  (April-­‐June),	  with	  the	  exception	  of	  the	  Bay	  of	  Fundy.	  Additionally,	  large	  size	  
ranges	  were	  used	  to	  eliminate	  the	  confounding	  effects	  that	  small	  size	  ranges	  have	  on	  estimates	  of	  
parameters	  a	  and	  b.	  Finally,	  results	  obtained	  had	  high	  goodness	  of	  fit	  values,	  ranging	  from	  0.88	  to	  0.99.	  	  
	   Campbell	  and	  Robinson	  (1983)	  evaluated	  the	  differences	  in	  the	  size-­‐fecundity	  relationships	  of	  
lobster	  in	  three	  maritime	  regions,	  Eastern	  Nova	  Scotia,	  The	  Bay	  of	  Fundy,	  and	  the	  Northumberland	  
Strait.	  Their	  analysis	  revealed	  no	  significant	  differences	  in	  the	  relationships	  and	  the	  data	  were	  
condensed	  into	  a	  single	  equation	  used	  in	  Maritime	  stock	  assessments	  (e.g.	  Lanteigne	  et	  al.,	  1998).	  
However,	  the	  size	  ranges	  for	  each	  location	  were	  narrow,	  spanning	  only	  40	  mm	  carapace	  length,	  and	  it	  
has	  been	  suggested	  that	  broad	  size	  ranges	  are	  needed	  to	  accurately	  evaluate	  such	  differences	  (Estrella	  
and	  Cadrin,	  1995).	  When	  formulating	  new	  size-­‐egg	  number	  equations	  for	  the	  three	  maritime	  regions	  in	  
this	  study,	  the	  predictive	  power	  of	  the	  equations	  increased	  substantially	  over	  those	  originally	  presented	  
by	  Campbell	  and	  Robinson	  (1983),	  because	  the	  model	  in	  this	  study	  is	  not	  affected	  by	  small	  size	  ranges	  at	  
any	  one	  location.	  Changes	  in	  parameters	  a	  and	  b	  will	  alter	  the	  size-­‐egg	  number	  relationships	  and	  have	  
notable	  impacts	  on	  fecundity	  estimates.	  	  
	   Research	  on	  regional	  differences	  in	  abdomen	  area,	  carapace	  length,	  and	  chelae	  length	  has	  been	  
carried	  out	  in	  Nova	  Scotia	  coastal	  regions	  (MacCormack	  and	  DeMont,	  2003).	  Results	  of	  this	  study	  
showed	  that	  the	  scaling	  factor	  of	  abdomen	  area	  with	  carapace	  length	  varied	  with	  region.	  During	  
spawning,	  female	  lobster	  release	  their	  eggs	  onto	  the	  underside	  of	  their	  abdomen,	  and	  it	  has	  been	  
shown	  that	  a	  larger	  abdomen	  area	  allows	  for	  higher	  egg	  masses	  (Templemen,	  1935,	  Atema	  and	  Voigt,	  
1995).	  This	  is	  in	  accordance	  with	  our	  results,	  which	  show	  distinct	  differences	  in	  the	  size-­‐egg	  number	  
equations	  with	  region.	  The	  differences	  observed	  are	  thought	  to	  be	  the	  result	  of	  varying	  temperatures.	  
The	  northern	  and	  southern	  limits	  of	  lobster	  experience	  extreme	  differences	  in	  the	  range	  and	  duration	  of	  
cold	  and	  warm	  water	  temperatures	  and	  these	  differences	  are	  known	  to	  effect	  egg	  production	  (Waddy	  
and	  Aiken,	  1991).	  	  
	   The	  observed	  trend	  in	  egg	  number	  estimates	  throughout	  the	  species’	  range	  may	  be	  explained	  by	  
differences	  in	  growth	  rates.	  Newfoundland	  lobsters	  are	  known	  to	  grow	  at	  slow	  rates	  when	  compared	  to	  
lobsters	  found	  in	  more	  southern	  locations	  such	  as	  Southern	  Gulf	  of	  Maine	  (Ennis,	  1980).	  In	  this	  study,	  
lobsters	  occurring	  in	  colder	  waters	  tended	  to	  have	  higher	  egg	  counts	  at	  smaller	  sizes	  up	  to	  110	  mm	  CL.	  
This	  could	  be	  explained	  by	  a	  slower	  growth	  rate	  which	  would	  require	  the	  lobsters	  to	  produce	  more	  eggs	  
at	  smaller	  sizes,	  since	  they	  would	  require	  a	  longer	  time	  period	  to	  reach	  larger	  sizes.	  Further	  research	  and	  
variations	  in	  egg	  size	  with	  latitude	  could	  help	  explain	  the	  observed	  trend.	  	  
	   The	  observed	  latitudinal	  trend	  in	  size-­‐egg	  number	  relationships	  may	  also	  be	  due	  to	  differences	  
in	  size	  at	  first	  maturity.	  It	  is	  well-­‐accepted	  that	  lobsters	  reproduce	  at	  smaller	  sizes	  in	  warm	  waters	  (Aiken	  
and	  Waddy,	  1976).	  The	  results	  suggest	  that	  smaller	  lobsters	  from	  southern	  locations	  would	  have	  fewer	  
eggs;	  however,	  this	  may	  not	  be	  the	  case.	  The	  relationships	  may	  be	  influenced	  by	  the	  earlier	  maturation	  
of	  lobster	  in	  the	  southern	  locations	  when	  compared	  to	  northern	  location	  giving	  the	  impression	  of	  fewer	  
eggs	  at	  smaller	  size.	  Further	  research	  on	  comparisons	  of	  egg	  number	  estimates	  of	  lobsters	  at	  sizes	  just	  
above	  their	  ages	  at	  maturity	  is	  needed	  and	  would	  aid	  in	  the	  explanation	  of	  the	  observed	  trends.	  	  
	  
Latitude	  models	  
	   The	  fishery	  for	  American	  lobster	  in	  the	  United	  States	  and	  Canada	  has	  a	  total	  of	  48	  different	  
management	  zones	  (DFO,	  2009).	  A	  total	  of	  thirteen	  size-­‐egg	  number	  relationships	  have	  been	  developed	  
(Factor,	  1995)	  and	  are	  available	  for	  use	  in	  the	  management	  of	  these	  48	  different	  zones.	  As	  a	  result	  of	  
geographic	  variation,	  potential	  differences	  in	  the	  size-­‐egg	  number	  relationships	  of	  lobster	  in	  these	  zones	  
may	  exist.	  As	  a	  result,	  research	  using	  equations	  from	  different	  regions	  may	  produce	  inaccurate	  
estimates	  of	  fecundity.	  Of	  the	  two	  latitude	  models	  developed	  and	  presented	  in	  this	  study,	  through	  
statistical	  analysis	  it	  was	  found	  that	  Latitude	  Model	  #	  2	  was	  the	  best	  to	  predict	  egg	  number	  based	  on	  
latitude	  (better	  than	  Latitude	  Model	  #	  1).	  The	  development	  of	  Latitude	  Model	  #	  2	  will	  allow	  data	  poor	  
locations	  to	  formulate	  size-­‐egg	  number	  equations	  from	  latitudes.	  	  Fisheries	  scientists	  can	  now	  use	  
customized	  size-­‐egg	  number	  relationships	  in	  stock	  assessments	  and	  yield-­‐	  and	  egg-­‐per-­‐recruit	  models,	  
which	  can	  be	  developed	  for	  any	  site	  from	  latitude,	  as	  first	  and	  best	  approximations	  of	  egg	  number.	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